The unsteady flow field downstream of axial-flow turbine rotors at low Reynolds numbers was investigated experimentally using hot-wire probes. Reynolds number, based on rotor exit velocity and rotor chord length Re out,RT , was varied from 3.2 × 10 4 to 12.8 × 10 4 at intervals of 1.6 × 10 4 by changing the flow velocity of the wind tunnel. The time-averaged and time-dependent distributions of velocity and turbulence intensity were analyzed to determine the effect of Reynolds number. The reduction of Reynolds number had a marked influence on the turbine flow field. The regions of high turbulence intensity due to the wake and the secondary vortices were increased dramatically with the decreasing Reynolds number. The periodic fluctuation of the flow due to rotor-stator interaction also increased with the decreasing Reynolds number. The energy-dissipation thickness of the rotor midspan wake at the low Reynolds number Re out,RT = 3.2 × 10 4 was 1.5 times larger than that at the high Reynolds number Re out,RT = 12.8 × 10 4 . The curve of the −0.2 power of the Reynolds number agreed with the measured energy-dissipation thickness at higher Reynolds numbers. However, the curve of the −0.4 power law fitted more closely than the curve of the −0.2 power law at lower Reynolds numbers below 6.4 × 10 4 .
INTRODUCTION
With the new generation of small gas-turbine engines, low Reynolds number flows have become increasingly important. Blade Reynolds numbers for the turbine stage of such gas turbines can drop to below 10 5 . For example, the Reynolds numbers of the turbine cascades of 300 kW industrial ceramic gas turbines (Arakawa et al. [1] ) are approximately 6 × 10 4 because of the increased viscosity caused by high turbine-inlet temperatures and the miniaturization of the cascade, considerably smaller than the Reynolds numbers of conventional gas turbines. At these low Reynolds numbers, the boundary layer is dominated by laminar flow and is susceptible to flow separation and strong secondary vortices that develop into increased loss, leading to reduced performance. Small gas turbines for aircraft propulsion also encounter the low Reynolds number problem at high altitudes where the air density is low. Several studies focusing on the aerodynamics of turbine cascades at low Reynolds numbers have recently been published. In experiments on linear cascades by Curtis et al. [2] , Murawski et al. [3] , Schulte and Hodson [4] , Howell et al. [5] , and Van Treuren et al. [6] , flow separation occurred at the blade suction surface and the profile loss rapidly increased when the Reynolds number was reduced. Bons et al. [7] attempted to reduce the separation region on the suction surface at low Reynolds numbers using a method of intermittently blowing jets out from the blade surface. However, many unknown issues remain. In addition, these studies were limited to linear two-dimensional cascades. There have been few studies on annular three-dimensional cascades at low Reynolds numbers.
Moreover, the flow field around the blades of a turbine is very unsteady and complex due to rotor-stator interaction, the aerodynamic interaction between the turbine nozzle (stator) and the turbine rotor. Boundary layer behavior, loss generation, secondary-vortex growth, and heat transfer in turbines are strongly affected by the rotor-stator interaction. Even though unsteady flow plays an important role in axial-flow turbines, turbines are designed using steadyflow calculations. Because no actual models exist for the loss-generating mechanisms seen in an unsteady flow, empirical correlations are used to account for the effects of unsteadiness. More knowledge on unsteady rotor-stator interaction is essential to increase the performance of turbines (Sharma et al. [8] , Kost et al. [9] ) especially at low Reynolds numbers. Although a variety of measurement techniques can be easily applied to the flow field within the stationary blades, difficulties arise with the measurements of the flow field within the rotating blades. Direct measurements of turbine rotor flows using rotating devices have been conducted by Hodson [10] and Chaluvadi et al. [11] . Binder et al. [12] , Zaccaria and Lakshminarayana [13, 14] , and Matsunuma and Tsutsui [15] used laser measurement systems, such as laser two-focus velocimetry (L2F) and laser Doppler velocimetry (LDV). Sharma et al. [8] , Binder et al. [16] , and Gallus et al. [17] used hot-wire probes in a stationary frame downstream of the rotor. Since there have been few reports on unsteady rotor flow at low Reynolds numbers, and no reliable computational analyses are available to compute low Reynolds number turbine flows (Halstead et al. [18] ), detailed experimental data will make a major important contribution to establishing theoretical studies. Figure 1 shows the annular turbine wind tunnel used in our experiments. This wind tunnel is an air-suction type with open circuit facility. The total length of the wind tunnel is approximately 3.8 meters. The outer and inner annular wall diameters of the test section are 500 mm and 350 mm, respectively. A single-stage axial-flow turbine designed using a free vortex method to attain radial equilibrium was installed at the test section. An incremental rotary encoder (1 800 pulses/revolution) was attached to the rotor shaft to detect the rotor's angular position. The geometries and specifications of the nozzle and rotor cascades are shown in Figures 2 and 3 and in Table 1 . Figure 4 shows the measurement locations of the turbine nozzle and rotor.
EXPERIMENTAL FACILITY AND METHOD

Annular wind tunnel and turbine cascades
Experimental instruments and methods
Measurements of nozzle exit flow (rotor inlet flow)
The wake traverse of the nozzle was carried out at a distance 6.6 mm axially from the nozzle trailing edge, that is, Z NZ /C ax,NZ = 1.156 (at a −21.2 mm axial distance from the rotor leading edge, that is, Z RT /C ax,RT = −0.517). The distributions of total pressure, velocity, flow angle and so forth were obtained using a 5-hole pressure probe with a head diameter of 2.1 mm. The distributions of turbulence intensity were obtained using single-element hot-wire anemometry with 5 µm-diameter tungsten wire and active sensor length of 1 mm with (Model 0247R-T5, Kanomax Japan Inc.). Measurement accuracy of normalized velocity V/V 1 was estimated to be 0.0092 (0.92% of the reference velocity). The total number of measurement points in the yellow measuring plane at the nozzle exit in Figure 4 was 819 (21 spanwise × 39 pitchwise locations). The traverse mechanisms had resolutions of 0.004 mm in the spanwise direction and 0.0036 deg. in the pitchwise direction.
Measurements of rotor exit flow
The wake traverse of the rotor was carried out at an axial distance of 10.3 mm from the rotor trailing edge, that is, Z RT /C ax,RT = 1.252. The total number of measurement points in the yellow measuring plane at the rotor exit in Figure 4 was 1 365 (21 spanwise × 65 pitchwise locations). The time-dependent unsteady distributions of velocity and turbulence intensity were obtained using single-element hotwire anemometry with 5µm-diameter tungsten wire and active sensor length 1 mm (Model 0248R-T5, Kanomax Japan Inc.). The hot-wire data synchronized with the rotary encoder pulses was recorded using a high-speed A/D converter (Model DL708E, Yokogawa Electric Corp.). Phase-locked ensemble-average technique (Binder et al. [16] ) was used to analyze the unsteady flow caused by the rotor-stator interaction. An automatic measurement system controlled by a desktop computer was adopted in this study, and all measured data was stored on the computer's hard disk.
Experimental conditions
The Reynolds number, based on nozzle inlet velocity and nozzle chord length Re in,NZ , was varied from 1.7×10 4 to 6.6× 10 4 at intervals of 0.8 × 10 4 . Although the Reynolds numbers of a turbine cascade are generally based on exit flow conditions, during the experiments, the authors used the Reynolds numbers as parameters based on the nozzle inlet condition. This is because it was difficult to adjust the Reynolds number based on the rotor exit condition precisely during the experiments, especially under conditions of low Reynolds number with large separation and secondary-flow regions. The Reynolds numbers based on rotor exit mean velocity Re out,RT ranged from 3.2 × 10 4 to 12.8 × 10 4 as shown in Table 2 . The rotor speed was varied from 402 rpm to 1 408 rpm to attain the same rotor inlet flow angle at various Reynolds numbers. The flow in this experiment was regarded as being incompressible because the Mach number based on the rotor exit conditions was very low, M out,RT = 0.023 ∼ 0.093. Figure 5 shows the measuring plane at the nozzle exit. As illustrated in Figures 6a and 7a , the total pressure loss at the nozzle trailing edge increases with decreasing Reynolds number, due to the increasing thickness of the boundary layer on the nozzle surface, and due to the increase in the separation zone on the nozzle suction surface (SS). The regions of high total-pressure loss extend to near the tip and hub endwalls of the suction surface, since a passage vortex sweeps up the inlet-endwall boundary-layer fluid on the suction surface. The net overall loss generated in the nozzle passage at Re out,NZ = 4.3 × 10 4 (0.0771) was 1.64 times greater that at Re out,NZ = 17.2 × 10 4 (0.0471).
RESULTS AND DISCUSSION
Nozzle exit flow (rotor inlet flow)
Figures 6b and 7b show the absolute velocity distributions. Decreasing the Reynolds number results in a deficit of the velocity behind the trailing edge (region A) and near the endwalls (regions B and C).
Figures 6d and 7d show a comparison of the distributions of secondary-flow vectors. Passage vortices (PV tip and PV hub ) are observed near the suction side of both tip and hub endwalls. The flow beside the trailing edge moves downward from the tip to the hub in the endwall direction due to the imbalance of the centrifugal force and the pressure gradient in the blade wake region. This strong inward wake at the trailing edge generates a clockwise vortex (TEV) near the hub endwall that collides with the counterclockwise hub passage vortex, PV hub . The strong interaction between TEV and PV hub generates a major high-loss region near the hub endwall. All secondary vortices, such as PV hub , PV tip , and TEV, grow with decreasing Reynolds number. Figure 8 shows the measuring plane at the rotor exit. The rotor blades move from the left to the right in the figure. Figure 9 shows the time-dependent distributions of velocity and turbulence intensity at the rotor exit (Z RT /C ax,RT = 1.252) at t = 1/29 T RT at the lowest Reynolds number Re out,RT = 3.2 × 10 4 .
Rotor exit flow
Time-dependent unsteady flow
In Figure 9a , a large low-velocity region extends to near the hub endwall of the rotor suction surface (region D) because the turning angle of flow at the hub region is greater than that at the tip region, causing a strong passage to be generated. A low-velocity region is also present at the rotor suction side near the tip endwall (region E). These regions are generated by the interaction of the tip-side passage vortex and leakage vortex (tip clearance vortex). The velocity is low at the suction side of the rotor trailing edge (region F, the right region of the pink line) because of the flow separation on the rotor suction surface. The blue line in the figure indicates the centerline of the low-velocity area caused by the upstream nozzle effect. This blue line is considerably inclined compared with the nozzle wake just downstream of the nozzle in Figure 6b . The blue line is disconnected at the rotor trailing edge by the chop of the nozzle wake at the rotor leading edge, as shown later in Figure 10d . Figure 9b shows the velocity defect obtained by subtracting the distribution of the time-averaged velocity in the rotating frame of reference in Figure 19 from the distribution of the time-dependent velocity in Figure 9a . The lowvelocity region due to the nozzle wake effect can be clearly observed.
In Figure 9c , high turbulence intensity regions are present at the suction side near the hub (y/H = 0.3), at the suction side near the tip (y/H = 0.9), and at the mid-pitch near the tip, which correspond to the effects of the hub-side passage vortex PV hub , the tip-side passage vortex PV tip , and tip leakage vortex LV, respectively. High turbulence intensity regions are generated around the blue lines (the centerlines of the low-velocity regions due to the nozzle). Figure 10 shows the time-dependent unsteady flow at midspan (y/H = 0.5), which was measured using a laser Doppler velocimetry (LDV) system (Matsunuma and Tsutsui [15] ). The low-velocity area caused by the wake behind the nozzle affects the flow field around the rotor, as shown in Figures 10a and 10b . In the absolute coordinate system, the swirl flow that exits the nozzle decelerates in the rotor passage (Figures 10a and 10c) . The high turbulence intensity region which corresponds to the wake can be clearly observed in Figure 10d . The straight lines of high turbulence intensity caused by the nozzle wake are chopped at the rotor leading edge and distort when they pass through the rotor passage. The distortion of the nozzle wake in the rotor passage occurs because the flow region near the rotor suction surface moves faster than the flow near the rotor pressure surface. At the rotor exit, complex unsteady distributions of high turbulence intensity were formed by the merging of the nozzle and rotor wakes. Figure 15 shows the time-averaged distributions at rotor exit in stationary (absolute) frame of reference. As a consequence of the time-averaging procedure from the stationary coordinate system which was fixed with the nozzle as shown in Figure 16 , the rotor trailing edge is not visible in this figure. Each blue line indicates the centerline of the low-velocity area generated by the nozzle. The low-velocity area at the rotor exit is more slanted than that at the nozzle exit in Figures 6  and 7 because the nozzle exit flow angle at the hub is higher than that at the tip. Although the blue lines are straight from the hub endwall y/H = 0.0 to y/H = 0.7, they are skewed from y/H = 0.7 to the tip endwall y/H = 1.0. The skew near the tip is caused by the clockwise tip-side passage vortex of the nozzle, marked by PV tip in Figures 6d and 7d . The velocity defects due to the nozzle effect increase with decreasing Reynolds number, as shown in Figures 15c and 15f . Figure 17 shows the time-averaged distributions at the rotor exit in a rotating (relative) frame of reference. As a consequence of the time-averaging procedure from the rotating coordinate system which is moved with the rotor as shown in Figure 18 , the nozzle effect is not visible in the figure. The velocity defects at the rotor suction side due to the wake and secondary vortices of the rotor increase with decreasing Reynolds number. The turbulence intensity also increases significantly with decreasing Reynolds number. Figures 19 and 20 show the spanwise distributions of the time-averaged velocity and turbulence intensity at lower and higher Reynolds numbers. These distributions were obtained by calculating the pitchwise-averaged values of velocity and turbulence intensity over one rotor pitch in Figure 17 . In Figure 19 , the lowest velocity near the hub endwall decreases with decreasing Reynolds number because of the strengthened passage vortex. In Figure 20 , the turbulence intensity increases rapidly with decreasing Reynolds number.
Time-averaged flow
Figures 21 and 22 show the pitchwise distributions of time-averaged velocity and turbulence intensity at rotor midspan, y/H = 0.5, in rotating frame of reference. The velocity at the suction side of the rotor trailing edge was strongly affected by the Reynolds number. The turbulence intensity at the rotor suction side was extremely large. The maximum turbulence intensity at Re out,RT = 3.2 × 10 4 (0.065) was 1.5 times as large as that at Re in = 12.8 × 10 4 (0.045). Figure 23 shows the energy-dissipation thickness of the wake at the rotor midspan in Figure 21 . The energydissipation thickness, which corresponds to the loss, increases steadily with decreasing Reynolds number. The energy-dissipation thickness at the low Reynolds number Re out,RT = 3. Figure 24 shows the pitchwise-averaged turbulence intensity at the rotor midspan in Figure 22 . The turbulence intensity increases dramatically with decreasing Reynolds number due to the increased wake of the rotor. The turbulence intensity at the low Reynolds number Re out,RT = 3.2 × 10 4 (12.3%) is 1.7 times greater than that at the high Reynolds number Re out,RT = 12.8 × 10 4 (7.3%).
CONCLUSIONS
The unsteady flow field downstream of an axial flow turbine rotor at low Reynolds numbers, Re out,RT = 3.2 × 10 4 ∼ 12.8 × 10 4 , was investigated experimentally using hot-wire probes in a stationary frame of reference. The time-averaged and time-dependent distributions of velocity and turbulence intensity were analyzed to determine the effect of the reduction of Reynolds number.
(1) The regions of high turbulence intensity due to the wake and the secondary vortices increased dramatically with decreasing Reynolds number. (2) The periodic fluctuations of the velocity and turbulence intensity due to rotor-stator interaction increased with decreasing Reynolds number. Unsteady-flow analysis is clearly important in the design of turbine blades operating at low Reynolds numbers.
(3) The energy-dissipation thickness and turbulence intensity at the rotor exit increased with decreasing Reynolds number. The time-averaged energy-dissipation thickness of the rotor midspan at the low Reynolds number Re out,RT = 3.2 × 10 4 was 1.5 times greater than that at the high Reynolds number Re out,RT = 12. 
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